Introduction
Sintered Nd-Fe-B magnets are the most promising materials for a driving motor of the hybrid electric vehicles (HV). In this kind of application, the operating temperature of magnets reaches beyond 200˚C. In such high temperature environment, irreversible demagnetization phenomena easily occurs because the coercivity H c rapidly decreases with increasing temperature, which is owing to the relatively low Curie temperature (about 310˚C) of the Nd 2 Fe 14 B main phase. To improve the thermal stability at high temperatures, a heavy rare earth element, Dy [1] is known to be useful as a partial substitution for Nd. In industrially produced Nd-Fe-B magnet, 30% of Nd are replaced by Dy to increase H c up to 30 kOe at room temperature. However, it is an extremely serious problem that natural abundance of Dy is very small as compared with that of Nd. On the other hand, according to the well-known Stoner-Wohlfarth model [2] , even Dy-free Nd-Fe-B magnets have a potential to achieve high coercivity of up to 70 kOe [3] . But the H c value of currently available Dy-free Nd-Fe-B magnets is only 10 kOe. Therefore, it is necessary to investigate the origins of the great gap between ideal and real H c values.
It is well known experimentally that a low temperature annealing, which is done as a final stage of manufacturing process of sintered Nd-Fe-B magnets, is effective for an enhancement of H c . Vial et al. [4] reported a microstructural change of Nd-rich grain boundaries located between Nd 2 Fe 14 B grains by FE-SEM observations. According to the them, the structure of grain boundaries change [5, 6] . It is considered that these hetero-interface nanostructures are effective to increase the surface magnetic anisotropy of Nd 2 Fe 14 B main phase, because a reduction of the crystalline electric field interaction at the outermost Nd atom of Nd 2 Fe 14 B grain would be recovered by the periodic presence of Nd-rich phase elements at the interface [3, 5] . This idea suggests the possibility of obtaining higher H c Dy-free Nd-Fe-B magnets by forming the ideal hetero-interface over the whole surface of Nd 2 Fe 14 B grains. Another approach to enhance the Hc is to put some additive elements. Well-known examples are Cu [7] and Ga [8] . These elements possess low melting points and do not diffuse into Nd 2 Fe 14 B main phase. Therefore, they are concentrated at grain boundaries, changing the melting point, wettability, and so on. As a result, these small additives change behavior of annealing temperature dependence of H c . In order to arrange the grain boundary structure artificially, we have been focusing on the high field annealing process [9] - [12] . In a standard manufacturing process of sintered Nd-Fe-B magnets, the c-axis of each Nd 2 Fe 14 B grain is well oriented to one direction before sintering. But, the grain boundary phases have random orientations. A key concept of our study is to arrange the direction of such grain boundary particles and to form an ideal interface for the main Nd 2 Fe 14 B grains in view of reducing a surface with broken periodicity. We first reported an enhancement of Hc of 37% in Dy 3.1% substituted magnets by 140 kOe field annealing [9] . Such a magnetic field effect was found to be sensitive to the presence of small additives such as Al and Cu and to be restricted to the very narrow range of the annealing temperature [10, 11] . In this paper, we report on the detail of annealing temperature dependence of the magnetic field effects in Dy-free Nd-Fe-B magnets and their high temperature magnetic properties of the H c enhanced samples.
Experimental
The heat treatment were carried out for samples with the dimensions 5 × 5 × 5.5 mm 3 by using a furnace installed in a cryocooled superconducting magnet which can generate magnetic fields of up to 140 kOe. The chemical compositions of four samples used in this paper are listed in Table I . All samples are Dy-free sintered Nd-Fe-B magnets, with and without Al and/or Cu additives. The annealing temperature T a was selected between 450˚C and 650˚C, while the duration at T a was fixed to be 180 min. The duration of the cooling from T a to the room temperature was set to be 20 min. The sample atmosphere during annealing was kept below 10 -4 Pa by using turbo-molecular pumping system. High magnetic field annealing was carried out in a field of H a = 140 kOe. When samples were cooled, we either remove the field in a zero-field-cooling (ZFC) mode or keep the field down to room temperature in the field-cooling (FC) mode. As a reference, we prepared samples without annealed field. We measured demagnetization curves after applying magnetic fields of 100 kOe with the sweeping rate of 0.2 kOe/min. In order to measure magnetization curves above room temperature, we constructed a high temperature vibrating sample magnetometer (VSM) system with maximum sample temperature of 800˚C in vacuum in fields of up to 100 kOe. For thermal analysis, we carried out differential scanning calorimetry (DSC) experiments by using a SETARAM DSC-111. The DSC measurements were made in the temperature range between 20˚C and 820˚C with the scanning rate of 5˚C/min. 
Results and discussion
An example of overall behavior of magnetization curves along easy and hard directions is shown in Fig. 1 for sample D annealed at T a = 540˚C with H a = 140 kOe in ZFC mode. In the easy direction, we observed a rapid increase of initial magnetization curve. The magnetization reached 14.8 kG at the highest field with the remanent magnetization and coercivity being M r = 13.7 kG and H c = 14.27 kOe, respectively. In hard direction, the magnetization value reached 93 % of easy-axis one under the field of H eff = 96 kOe. The initial and second cycle magnetization curves also shown in the hard direction. We observed the hysteresis behavior between +30 kOe and -30 kOe along the hard direction, which would be ascribed mainly to the imperfect alignment of Nd 2 Fe 14 B grains. After annealing with and without magnetic fields, we have measured the H c value at room temperature. Fig. 2 show the annealing temperature (T a ) dependence of coercivity (H c ) for samples A ~ D. In samples without Cu additive (A and B) , H c values are in a range of 3 to 5 kOe, and the difference in H c between field-annealed and zero-field annealed samples is negligibly small. By comparing the H c versus T a relation of the sample A (no additive) with that of sample B (Al additive), one can see that Al additive has a small effect of extending the range of higher H c region annealing temperature.
Samples C and D, on the other hand, exhibit much larger H c values, both of them containing Cu additives. Interesting feature in sample C is that H c of field-annealed FC samples is smaller than that of the control sample and field-annealed ZFC one above T a = 525˚C. In the sample D which contain both Al and Cu additives, H c versus T a curve shows a local minimum behavior at T a = 500˚C and 550˚C in the case of zero-field annealed control samples. On the other hand, H c values of fieldannealed samples becomes higher than those of control samples at the sample annealing temperatures T a = 500˚C and 550˚C. Especially, the ZFC sample annealed at T a = 550˚C shows a highest H c value of 14.6 kOe among a series of Dy-free samples. In order to check a reproducibility of the fieldannealing effect, we repeated these experiments several times for samples with the same compositions. We then confirmed that deviation of the H c values were smaller than the symbol size in Fig. 2 .
In order to consider why such magnetic annealing effects occur at specific annealing temperatures in Cu-containing samples, we made calorimetry experiments on these samples. DSC curves for each sample are shown in Fig.3 . In samples A and B, which dose not contain Cu additive, any remarkable anomaly peak was observed. On the other hand, in Cu containing samples C and D, we clearly see endothermic anomaly peak around 500˚C. Moreover, in sample D which contain both Al and Cu, we can observed small but finite peak in the vicinity of 550˚C. According to the binary phase diagrams, we could identify these peaks as eutectic points of Nd 70 Cu 30 [13] and Al 17 Cu 83 [14] , respectively. It is well known that Cu hardly diffuses into the main Nd 2 Fe 14 B phase, which results in a segregation of Cu in a grain boundary. We therefore suggest that Nd 70 Cu 30 and Al 17 Cu 83 liquid phases appear in the grain boundary above 500˚C and 550˚C, respectively.
According to the DSC results given above, a liquid phase is suggested to exist above 500˚C in the grain boundary. Around these annealing temperatures, there will also be some solid particles of Nd oxides, so-called the Nd-rich phase, in the grain boundary. The fact that H c values in samples C and D are much larger than those of samples A and B would be correlated to the existence of Cu in the former two samples. That is, the Nd-rich particles can easily rearrange themselves in such a Cu-containing eutectic liquid, so as to form the ideal interface for higher H c after thermal shuffling. In the presence of a high magnetic field during such annealing temperatures, there would be another mechanism of increasing H c values. This is the possibility of field-induced rotation of the Nd-rich solid particles in the Cu-containing eutectic liquid, owing to the finite anisotropy of magnetic susceptibility of the particle. We showed in Fig. 2 that, in the sample D, field-induced H c enhancement phenomena occur only at T a = 500˚C and 550˚C, which are in the vicinity of eutectic temperatures of Nd-Cu and Al-Cu systems, respectively. This field-induced rotation model is still insufficient to explain these observation in sample D, because the H c enhancement phenomena were not observed over the temperature range above the eutectic points, but only in the vicinity of two kinds of eutectic ones. Therefore, we need to consider extra mechanisms to explain the experiment. One candidate is a viscosity of a liquid metal, which has the highest value at a eutectic point and decreases with increasing temperature. In general, a field-induced alignment of solid particles occurs when the magnetic energy E m , which is the product of particle volume V, susceptibility difference and the squared magnetic field intensity, is sufficiently larger than the thermal agitation energy k B T [15] . That is,
where c // and c^ denote magnetic susceptibilities with fields applied parallel and perpendicular to an easy axis, respectively. But, when E m is comparable to k B T, the viscosity of the liquid may play an important role. Namely, higher viscosity liquid in the vicinity of eutectic point would reduce the thermal agitation, which promotes a field-induced orientation. As the annealing temperature increases further, an average size of Nd-rich solid particles as well as the susceptibility difference would decrease, in general, with inceasing temperature. Thus, these two factors would also tend to suppress the field effect at higher annealing temperatures. We so far demonstrated that the Dy-free Nd-Fe-B magnet has the highest coercivity value of H c = 14.6 kOe when annealed under a field of H a = 140 kOe at T a = 550˚C. It is valuable to check whether high temperature magnetic properties has been improved actually in this sample. We thus measured the isothermal demagnetization curves of this sample at temperatures between 20˚C and 250˚C after applying a maximum applied field of 100 kOe at each temperature. Fig. 4 is the temperature dependence of H c and maximum energy products (BH) max of this sample D. As a reference, we also showed the results of the sample which has H c = 9.8 kOe at 20˚C. Both H c and (BH) max monotonically decrease with increasing temperature. It is seen that, at 20˚C, (BH) max of the two samples are almost the same, since the H c value of 9.8 kOe is large enough to accommodate the maximum value of the (BH) max at this temperature. But, as the temperature increases, the (BH) max value of the reference sample rapidly collapses due to the rapid decrease of H c . At 125˚C, for example, (BH) max of the higher H c samples is twice as large as that of reference sample. These results therefore confirmed us that an enhancement of H c at room temperature is crucially effective to improve magnetic properties at high temperatures.
Conclusions
The main conclusions of the present study may be summarized as follows.
(i) Coercivity values of Cu-containing samples (C and D) are much larger than those of samples without Cu (A and B) .
(ii) Field-induced coercivity enhancement phenomena were observed in the sample D with both Al and Cu additives only when it is annealed at T a = 500˚C or at T a = 550˚C under magnetic fields of H a = 140 kOe.
(iii) DSC anomalies were observed around 500˚C in sample C, and around 500˚C and 550˚C in sample D, which were ascribed to the eutectic points of Nd-Cu and Al-Cu alloys, respectively. (iv) According to the high temperature measurements of magnetic properties, H c of coercivity enhanced sample was confirmed to exhibit significantly larger value.
We have proposed a model to explain these observation, which suggests a field-induced reorientation of Nd-rich solid particles in a euctectic liquid. In order to confirm a validity of this model, it is clear that further investigations including a detailed morphological observation of the fieldannealed samples are necessary. Small-angle neutron scattering study of these samples are also in progress to clarify the average structure of sintered Nd-Fe-B magnets with different H c values, which will be published elsewhere.
